Most of the laboratory tests investigated the flexural performance of un-preloaded or undamaged RC beams strengthened with CFRP composites. However, in engineering applications, the structural member must carry a certain load or damage. There is a lack of systematical investigations on the effects of preload or damage level on the flexural load-carrying capacity of CFRP-strengthened RC beams. This paper tested 22 RC beams to investigate the influence of preload level on flexural load-carrying capacity of CFRP-strengthened RC beams. The test variables are preload level, amount of CFRP sheets, tension rebar ratio, and concrete strength. The test results show that if the preload level is not more than 80% of the yielding strength of the original beam, the preload or damage level does not influence the flexural load-carrying capacity of CFRP-strengthened RC beams. However, the ultimate flexural load-carrying capacity is significantly poor than that of RC beam strengthened under a preload level not more than 80% of the yielding strength, if the RC beams are strengthened under a preload level more than 90% of the yielding strength.
INTRODUCTION
Externally bonded or near-surface mounted FRP composites have been proved to be an effective way in flexural strengthening of RC beams. Most of the laboratory tests investigated the flexural performance of un-preloaded or undamaged RC beams strengthened with bonding CFRP composites [1] [2] [3] . However, in engineering applications, the structural member must carry a certain load or damag. There is a lack of systematical investigations on the effect of preload or damage level on the flexural load-carrying capacity of CFRP-strengthened RC beams. To investigate the influence of preload or damage level on flexural performance of CFRP-strengthened RC beams, there are three scenarios adopted to simulate the service state of structure members in laboratory experimental program. In the first scenario, the RC beams were loaded up to a certain load level and unloaded and strengthened [4] [5] [6] [7] . The second scenario adopted an approach in which RC beams were preloaded and unloaded to a predetermined level and retrofitted [8, 9] . The third scenario used the method in which RC beams were preloaded and held the preload level *Address correspondence to this author at the College of Management Science and Engineering, Shandong Institute of Business and Technology, Yantai, 264005, China; Tel: +86-755-6903575; E-mails: liguibing@zju.edu.cn; leegb@sina.com and repaired with FRP composites [4, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Due to the limitation of the quantity of tested specimen and the test variables, these investigations cannot comprehensively evaluate the effect of preload level or damage level on the flexural load-carrying capacity of CFRP-strengthened RC beams. This paper tested 25 CFRP-strengthened RC beams to investigate the influence of preload level on their flexural load-carrying capacity.
AIMS AND SCOPE
It is generally believed that removing the load applied to the structure, to strengthen it with bonding FRP composites, is favorable towards improving its flexural performance of the strengthened structure members. Taking the Code CECS146 [18] as an example, the provision 4.1.6 suggested that it is better to remove the live load applied on the structure at bonding CFRP sheets to strengthen the structural member. There are still lack of systematic experiment studies on how the applied load or the damage level affects the flexural performance of strengthened structural member or whether the applied load should be removed at strengthening. To achieve better understanding of the effect of applied load or damage level on the flexural performance of the strengthened structural member, 22 reinforced concrete beams were preloaded at different levels which sustained the load level constant and strengthened epoxybonded CFRP sheets to investigate their flexural performance.
SUMMARY OF RELATED LITERATURES
Arduini and Nanni [4] carried out experimental studies on 8 RC beams which were firstly preloaded up to 30% of the yielding strength of the control beams, then unloaded and bonded with CFRP sheets. Two specimens were subjected to the sustaining load level (simulating the total service load) during the adhesion of the CFRP sheets. It was shown that, for damaged specimens, the specimen strengthened without sustaining load had an average flexural load-carrying capacity increase of 24% over the control beam, while the specimen strengthened under sustaining load had an increase of only 16% over the control beam. Because the failure was controlled by FRP debonding, there was no substantial difference in ultimate load-carrying capacity of the specimens.
Norris et al., [5] tested nineteen beams which were loaded beyond concrete cracking strength, and retrofitted with three different CFRP systems. The beams were subsequently loaded to failure. Different modes of failure and gain in the ultimate strength were observed, depending on the orientation of the fiber. The objective of this study was to investigate the effect of CFRP sheets on strength and stiffness of the beams strengthened under different orientations of the fibers with respect to the axis of the beam. No assessment had been done on the effect of damage level on flexural load-carrying capacity.
Richardson and Fam [6] took two different pre-repair loading histories simulated in 3,000×300×150 mm RC beams, namely cracking within the elastic range, and overloading in the plastic range to investigate the influence of damage level on the flexural performance of CFRPstrengthened RC beams. After unloading, the beams were strengthened with either high or ultrahigh modulus (210 or 400 GPa) CFRP plates, or a hybrid system. The test results show that the level of preexisting damage has an insignificant effect on strengthening effectiveness and failure mode at ultimate.
Fayyadh and Razak [7] investigated the effect of damage level on the effectiveness of CFRP sheets as repair system and its influence on the stiffness recovery. Three pre-cracked RC beams were tested. The beams were initially damaged under design load limit, steel yield load limit and ultimate load limit. The experimental result shows that the CFRP strengthening technique increases the load-carrying capacity regardless of the damage level, where it increases the load capacity by 83%, 56% and 48% for the damage levels of 35%, 66% and 100% respectively.
Cao et al., [8] investigated the flexural behavior of preloaded RC beams strengthened with CFRP sheets. The beams were preloaded up to 50% of ultimate load of the control beam or preloaded up to 50% then unloaded to 25% and held the load constant and strengthened with CFRP sheets before resuming the loading up to failure. Test results show that the ultimate load-carrying capacity improved significantly regardless of the preload level; the higher preload level, the less improvement in ultimate load.
Wang and Chang [9] tested eight preloaded RC beams strengthened with CFRP sheets. The beams were preloaded up to 40%, 60%, and 80% of the yielding load of the control beam and sustained and strengthened with near-surface mounted CFRP composites. Experimental result shows that the ultimate load-carrying capacity of preloaded RC beams is almost the same as that of the strengthened beam without preloading.
Shin and Lee [10] tested six CFRP-strengthened beams subjected to different sustaining loads. The sustaining load levels at the time of bonding CFRP laminates corresponded to 0%, 50% and 70% of nominal flexural strength of the control RC beam, respectively. Experimental results showed that sustaining load levels had more influence on deflections of beams at the yielding and ultimate stage than the ultimate strength of the beam; the sustaining load level did not influence the yielding strength and ultimate strength of the strengthened RC beams. Due to the fact that the strengthened beams failed by debonding of CFRP laminates, the authors concluded that it was difficult to judge the effect of the sustaining load levels on the ultimate strength of the strengthened beams.
Wang and Li [11] [12] [13] tested six RC beams strengthened in flexure using CFRP sheets subjected to different sustaining load level and loading history. The experimental results show that the initial load is an important factor affecting the ultimate strength of CFRP-strengthened RC beams. Beams strengthened at higher sustaining load level have a lower ultimate strength than those beams strengthened at lower sustaining load levels. If the initial applied load is the same, the ultimate strength of CFRPstrengthened RC beams is almost same regardless of the sustaining load level and load history at the time of strengthening.
Wu et al., [14] tested ten RC beams strengthened by bonding hybrid carbon systems to study whether the capacity of the loaded beam in service can be restored to their capacities after the structural upgrading. The simply supported beam was first loaded up to 40 or 60% of steel yielding load of the reference beam without strengthening, with the prescribed load held constant, CFRP sheets were bonded to the tensile face of the beam. This preloading procedure was to simulate a structure in service and to introduce the possible damage caused by the service load. Due to the fact that the other test variables were different, the authors did not analyze the influence of preloading level on flexural load-carrying capacity of the strengthened RC beams.
Shahawy et al., [15] tested seven T-girders to evaluate the performance of pre-cracked girders retrofitted with CFRP fabric under service load. The girders were preloaded up to 65, 85, and 117% of control yield moment and locked and strengthened with two layers of CFRP wraps before resuming the loading up to failure. The results demonstrate that the preload level prior to the installation of CFRP does not affect the overall behavior of the wrapped specimens. Preloaded partially wrapped members, however, exhibit less ductility and strength than the corresponding preloaded fully wrapped specimens.
Benjeddou et al., [16] studied the effectiveness of the CFRP laminates on the load capacity and the rigidity of the damaged reinforced concrete beams strengthened with CFRP laminates. CFRP sheets were bonded in the tensile face of the damaged beams. The most investigated parameter in this work is the damage level of RC beams, which were taken as 0%, 80%, 90% and 100% of the load capacity of the control beam. Experimental results show that repairing damaged RC beams with externally bonded CFRP sheets was successful for different damage degrees. The strengthening effectiveness of damaged RC beams with damage level lower than 80% of its original load capacity is much more significant than the beams with damage level over 90% of its original load capacity.
Xiong and Xu [17] investigated the flexural behavior of preloaded RC beams strengthened by bonding hybrid CFRP sheets and steel plates. Three beams were preloaded up to 0%, 50%, and 70% of the flexural strength of the control beam and sustained and retrofitted. Experimental results show that the preloaded level has no effect on the flexural load-carrying capacity of strengthened beams.
EXPERIMENTAL PROGRAMS
Two batches of beams were tested in the present study. The first batch includes sixteen CFRP-strengthened RC beams and two control beams without strengthening. The test variables include the preload level at bonding CFRP sheets, the amount of CFRP sheets, concrete strength, and the amount of tension rebar, respectively. According to the variables of tension rebar and CFRP sheets, 16 CFRPstrengthened RC beams were divided into four series A1, A2, B1, and B2, respectively.
All specimens have the same dimension, 2500 mm long, with the cross section of 150 mm wide and 250 mm high. Two rebars of 12 mm-diameter for series A and two ones of 16 mm-diameter for series B were used as the longitudinal reinforcement. The closed-type stirrups of 8 mm-diameter bars were spaced at 100 mm for series A and 70 mm for series B along the beam length. The length of CFRP laminate is 1800 mm long with the width of 150 mm to avoid a premature end debonding. All beams with CFRP strengthened were designed to be flexural failure in order to study the flexural behavior of the strengthened beams.
The details of specimens are summarized in Table 1 . Fig. (1) illustrates the dimensions and reinforcement arrangement of the specimens. For the convenience of bonding FRP sheets and ensuring bonding quality, reverse loading was used in the experimental tests, as shown in Fig. (2) . Material properties are listed in Table 2 .
The second batch includes 9 CFRP-strengthened RC beams and one control beam. Test variables are the number of plies of CFRP sheet, preload level at the time of strengthening, and anchor program of CFRP laminate at beam-column joint. The specimens were divided into three series, B1e, B2e, and B2i, by the amount of CFRP sheets and anchorage method. Fig. (3) shows the dimensions and reinforcement arrangement of the specimens. The details of the specimens are summarized in Table 3 .
There are three beams in each series, the beams were loaded up to 0, 30%, and 60% of the yielding strength of unstrengthened control beam, respectively. Then, sustaining the applied load constantly, CFRP sheets were bonded on the tension face of RC beam sequentially. After the epoxy solidified, the strengthened beams were reloaded to failure.
The main purpose of the test was to investigate the flexural performance of beam section at negative moment region strengthened by bonding CFRP sheets.
RESULTS AND DISCUSSION

Failure Modes
There are two failure modes in series A1, A2, B1, B2, B1e, B2e, and B2i, one is CFRP tensile rupture, Fig. (4a, b) ; the other is intermediate crack induced debonding, Fig. (5a-d) . 19 of the 22 CFRP-strengthened beams in all series failed by the intermediate crack induced (IC) debonding, their debonding process and characteristics are all the same.
Taking beam B23 as an example, the first flexural crack occurred when the applied load reached 12.9 kN. When the applied load reached the designed preload 19.5 kN, sustaining this applied load constantly, FRP sheets were bonded on the tension face of RC beam sequentially. After the epoxy solidified, the strengthened beam was reloaded to failure. As the applied load reached 84.5 kN, the tension rebar yielded. At this time, there are six flexural cracks developed at the constant moment region and eight flexureshear cracks initiated at the shear spans, and one of the flexure-shear cracks near the loading point became the critical flexure-shear crack (CFSC), as shown in Fig. (5a) . When the applied load reached 90.5 kN, tributary cracks (TC) initiated in front of the CFSC, as shown in Fig. (5b) . At the post-yield stage, the amount of cracks remains unchanged, the width of the main flexural crack augmented Fig. (2) . Test-setup of A2 and B2 series. (F=1, 2) , and the preload level (P=0, 3, 6, and 8, correspond to 0, 30%, 60% and 80% of the flexural yielding load of the control beam, respectively), and anchorage of CFRP sheets (e and i denote external anchorage and internal anchorage), respectively.
slightly. However, the width of the CFSC and TC was more pronounced with the increase in deflection. When the applied load reached 96.6 kN, debonding initiated at the tip of the TC, as shown in Fig. (5c) . Moreover, it can be clearly observed that the moment curvature of the shear span and the constant moment region were not in continuity, as shown in Fig. (5d) . The reason is that the plastic hinge was formed in the vicinity of the CFSC after tension rebar yielding. Moreover, the crack space, crack width, and crack depth of flexure-shear cracks are all less than that of flexural cracks in the constant moment region. As a result, the flexural stiffness of beam section at the shear span must be higher than that at the constant moment region. Therefore, the shear span of the beam rotated around the CFSC section leading to the discontinuity of moment curvature of RC beam left and right of the CFSC section, and was associated with the formation of relative vertical displacement between the two halves of the CFSC section.
Discussion of the Effect of Preload Level on Flexural Load-Carrying Capacity
Beams A16, A18, B13, B16, and B18 were failed by CFRP rupture, while Beams A10, A13, and B10 were IC debonding failure. However, the ultimate tensile strain in CFRP laminates at initial debonding of beams A10, A13, and B10 is very close to that at rupture. Therefore, the test results of series A1 and B1 are bracketed together to evaluate the effect of preload level on ultimate flexural load-carrying capacity. The ultimate state of these beams is CFRP laminates rupture; consequently, the applied load on the beam at this moment is the ultimate load-carrying capacity of the strengthened beam. Table 4 shows the tested ultimate load-carrying capacity of each strengthened beams and the statistical analysis results of the effect of preload level on flexural load-carrying capacity of each series. The ultimate loads of beams A10, A13, A16, and A18 are 59.5, 56.5, 63.4, and 63.8 kN, Fig. (6) shows the relationship between the ultimate loads and preload levels of the two series.
All the strengthened beams in series A2, B2, B1e, B2e, and B2i were failed by IC debonding. Therefore, the test results of these four series are bracketed together to assess the influence of preload level on ultimate flexural loadcarrying capacity. The ultimate state of these beams is the initial debonding of CFRP laminates; the applied load on the beam at this moment is the ultimate load-carrying capacity of the strengthened beam.
As shown Table 4 , the ultimate loads of beams A20, A23, A26, and A28 are 66. 4 carrying capacity of flexurally CFRP-strengthened RC beams. Fig. (7) shows the relationship between the ultimate loads and preload levels of the four series.
The main failure mode of the strengthened RC beams is the critical flexure-shear crack induced debonding failure. The greater the opening of the critical flexure-shear crack is, the more tensile deformation will be generated in the CFRP composites in the vicinity of this crack. Consequently, tensile stress concentration in the CFRP composites will be generated which induces the augment of shear stress in the FRP-concrete interface. This will promote the premature debonding failure. Therefore, the critical flexure-shear crack width is the main factor affecting CFRP laminate debonding. It was found in the experimental test that the width of the critical flexure-shear crack in the strengthened RC beams was within the range of 0~0.30 mm when the beams were applied to its preload level. Table 5 shows the crack width of the critical shear-flexure crack of the strengthened RC beams under the applied preload level and at initiation of CFRP laminates debonding. It can be seen that the relative increments of the critical flexure-shear crack width after bonding CFRP sheets are almost the same at the time of initiation of CFRP laminates debonding. This indicates that FRP debonding is dominated by the relative increment of the flexure-shear crack width, rather than by the absolute width of the critical crack. Therefore, if the applied load level does not make the RC beam reach its yield strength, the preload level or the damage level has almost no effect on the flexural debonding load carry capacity of the strengthened RC beams. 
